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Climate warming is increasing fire severity in boreal forests and can alter
forest structure and carbon (C) dynamics in Cajander larch (Larix cajanderi)
forests of Siberia, which occur over C and ice-rich yedoma permafrost. Altered
forest structure may impact understory vegetation through changing canopy
cover, permafrost thaw depth, and soil temperatures. The primary objective of
this study was to assess the long-term impacts of fire-driven changes in tree
density on understory composition, diversity, and C pools and the underlying soil
organic layer (SOL). Shrubs dominated low density stands, likely from reduced
canopy cover and thaw depth, while mosses dominated high density stands.
Consequently, understory C pools decreased from 415.46 to 158.87 g C m-2.
Total SOL C pools remained unchanged as tree density increased. These
findings suggest that fire-driven changes in tree density may alter understory
composition and C pools, which could impact nutrient/water cycling and
permafrost stability.
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INTRODUCTION
Fire activity is increasing in boreal forests in conjunction with climate
warming (Soja et al., 2007; Kasischke and Stocks, 2012; Oris et al., 2014), which
could impact global carbon (C) cycling as these forests comprise 25% of the
world’s forests and contain one of the world’s largest terrestrial C pools (Harden
et al., 1997). Fires release C into the atmosphere by combusting vegetation
(Osawa and Kajimoto, 2010) and the soil organic layer (SOL) (Johnstone and
Kasischke, 2005) and by exposing underlying permafrost soils (soils that have
been frozen for two or more consecutive years) to warming and microbial
decomposition, especially in regions with C- and ice-rich yedoma permafrost like
Siberia (Kharuk et al., 2010; Weiss et al., 2016). Thus, increased fire activity can
create a positive feedback to climate warming (Flannigan et al., 2009). However,
whether increased fire activity contributes to additional warming depends on how
much C the recovered forest is able to sequester compared to the amount of C
emitted during the fire. This balance is influenced by the successional trajectory
the forest takes once it begins to recover after fire (Johnstone and Chapin, 2006).
Forest successional trajectories following fire are often determined by the
proportion of the SOL consumed by fire. For example, in boreal forests of
Interior Alaska, high severity fires expose mineral soils, shifting forest
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successional trajectories from those dominated by black spruce (Picea mariana
Kuntze), an evergreen conifer, to those dominated by deciduous hardwoods like
Alaska paper birch (Betula neoalaskana Sarg.) and trembling aspen (Populus
tremuloides Michx.) (Johnstone et al., 2004; Johnstone and Chapin, 2006).
Seeds of both black spruce and hardwoods germinate better on exposed mineral
soils compared to a thick SOL because mineral soils have a higher and more
stable soil moisture; however, small-seeded, fast-growing hardwoods are better
able to capitalize on this space than larger-seeded black spruce (Johnstone and
Chapin, 2006). The removal of forest floor also enhances resprouting of aspen
and alters groundstory species composition in boreal forests (Frey et al., 2003a,
2003b) In forests dominated by a single tree species, such as Siberian larch
(Larix spp.) forests of the high-latitude light taiga, increased fire severity and
consumption of the SOL still improves seedbed conditions and initial
regeneration dynamics, but the primary long-term influence is on tree density
rather than composition (Gower and Richards, 1990; Abaimov and Sofronov,
1996; Sofronov and Volokitina, 2010; Alexander et al., 2012).
In Siberian larch forests, tree density has multiple consequences for both
above- and belowground C pools within trees and soils as stands mature
(Alexander et al., 2012), but tree density could also influence understory
vegetation composition and associated C pools. One way tree density could
impact the understory is by influencing light availability. As tree density
increases, foliar biomass often increases, and this is associated with shading
from increased canopy cover (Barbier et al., 2008). Increased shading
2

associated with stand age (presumably similar to increased shading associated
with increased density) has been shown to decrease shrub and forb abundance
and increase bryophyte abundance within Canadian coniferous boreal forests
dominated by black spruce, jack pine (Pinus banksiana Lamb.), and tamarack
(Larix laricina (Du Roi) K. Kock) (Mallon et al., 2016). Furthermore, a study
conducted in Icelandic boreal forests dominated by downy birch (Betula
pubescens Ehrh) and Siberian larch (Larix sibirica Ledeb) found that horsetail,
specifically Equisetum pratense Ehrh., and grass abundance increased as gap
fraction decreased (Sigurdsson et al., 2005). Increased tree density may be
associated with increased leaf litter inputs, as larch are deciduous. Deciduous
leaf litter inputs can influence the understory by physically impeding plant growth
and shading plants underneath (Natalia et al., 2008). For example, moss
abundance was substantially lower in trembling aspen and Alaska paper birch
stands of interior Alaska compared to black spruce stands, likely due increased
canopy cover and leaf litter inputs in deciduous stands (Jean et al., 2017). In
another study conducted in lodgepole pine (Pinus contorta Bol) forests in Alberta,
Canada, moss species belonging to the genus Hylocomium showed increased
mortality compared to that of other feathermoss species when covered with
trembling aspen (Populus tremuloides Michx.) leaf litter (Natalia et al., 2008).
These studies suggest that understory vegetation composition changes in
response to variations in canopy cover and leaf litter inputs, which may be
associated with changes in both stand age and tree density.
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Changes in understory cover and diversity in boreal forests due to
changing tree density can have implications for a variety of ecosystem-level
processes, including food webs, water and nutrient cycling, and energy
balance/dynamics. A reduction in shrub species richness as tree density
increases may have implications for food availability for wildlife by reducing the
availability of fruit producing shrubs that many birds, herbivores, and even bears
depend on as a food source (Atlegrim and Sjöberg, 1996). Evapotranspiration
from the understory may decrease as the canopy begins to close. For example,
Lida et al. (2009) found that cranberry (Vaccinium vitis-idaea L.) growing in the
understory of Cajander larch (Larix cajanderi Mayr) forests contributed 51% of
total evapotranspiration during the growing season; after larch dropped its
leaves, most evapotranspiration came more from the understory because
cranberry is evergreen. Nutrient cycling may also change with changing
understory composition. For example, decreased shrub abundance was shown
to negatively impact Hylocomium splendens (Hedw.) Schimp. moss biomass and
reduce total nitrogen (N) fixation, but increase Pleurozium schreberi (Brid.) moss
biomass, thereby increasing N fixation rates; however, these changes in plant
biomass did not affect overall areal N fixation rates (Gundale et al., 2010).
Finally, increases in tree density may decrease overall reflectance from the
understory. For example, understory reflectance contribution in low density
Scots pine (Pinus sylvestris L.) dominated forests exceeded 80% of total
reflectance at 20% canopy cover but was only 40% of total reflectance at 60%
canopy cover (Rautiainen et al., 2011), with net reflectance remaining
4

unchanged. Ultimately, if increased fire severity increases seedling recruitment,
leading to increased tree density at maturity, this change in forest structure will
likely impact all of these important aspects of boreal forests in one way or
another.
Shifts in understory vegetation communities with changing tree density
can also have consequences for the thickness, composition, and bulk density of
the SOL (Hollingsworth et al., 2008), which could impact insulation of underlying
permafrost (Farouki, 1981). If increased tree density results in higher canopy
cover and reduced light levels, certain understory functional types like shrubs
and forbs may have a difficult time surviving in a darker and cooler environment
(Sigurdsson et al., 2005). In addition, tall shrubs may be less competitive in
dense stands due to cooler soil temperatures and decreased soil volume from
shallower active layer depths (thawed soil volume available for rooted plants
during the growing season) (Myers-Smith et al., 2011). If these changes in
environmental conditions occur, this could lead to a moss-dominated understory
due to a lack of competition from species like shrubs that can outcompete them
in forests with a more open canopy. If mosses become the dominant understory
functional group in high density stands, SOL thickness may increase and bulk
density decrease. Moss is thought to be the main contributor to the formation of
the SOL (Prescott et al., 2000) through a process of layering on top of itself as
new moss grows over dead moss. Thick moss layers combined with low light
availability may inhibit the growth of other functional groups like shrubs and forbs
thereby decreasing C pools of those groups, and increasing C pools of mosses.
5

The primary objective of this study was to determine how fire-driven
changes in tree density affect understory vegetation and the underlying SOL
within Cajander larch dominated forests of far northeastern Siberia. This study
area was chosen because: (1) larch are deciduous conifers and grow over
continuous permafrost; thus, they likely differ dramatically in their ecology
compared to evergreen species that dominate western forests; (2) larch forests
contain some of the world’s largest soil C pools in the form of C and ice-rich
‘yedoma’ permafrost (Schirrmeister et al., 2011); (3) Siberian larch forests make
up a large proportion of the boreal forest biome, yet are relatively unexplored
compared to their Western counterparts; and (4) fires have been increasingly
frequent and severe in recent decades, and it is unknown whether this will alter
how these forests recover after fire. The primary questions addressed in this
study are: (1) how do post-fire changes in larch tree density impact understory
composition, diversity, and C pools?; (2) will changes in understory composition
related to post-fire changes in tree density alter SOL thickness, bulk density, and
C pools? This study also had two sub-objectives: (1) to create allometric
equations that estimate understory C pools for total and individual plant
functional types to simplify future sampling efforts, and (2) to determine if the
normalized difference vegetation index (NDVI) can serve as a usable predictor of
total understory C pools.
I hypothesized that there would be a shift in understory vegetation
dominance from shrubs to mosses with increasing tree density due to increased
canopy cover, decreased soil temperature, and decreased active layer depth.
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However, I expected moss dominance to decline at very high tree density due to
high larch leaf litter inputs that limit moss development. Lichen and herb C pools
should also decrease as tree density increases likely due to increased
competition from more shade tolerant plants like mosses. Understory plant
biodiversity was expected to be highest at medium tree density because these
stands would have moderate light levels and soil temperatures, allowing them to
support vegetation species tolerant of conditions found at either end of the tree
density gradient. I also hypothesized that increased moss C pools at high tree
density would increase SOL depth but lower SOL bulk density through the
development of a thick brown moss horizon; the balance between increasing
SOL depth and decreasing bulk density with increasing brown moss contribution
would lead to similar SOL C pools across the density gradient. Understanding
how the understory responds to long-term changes in post-fire tree density is
important for predicting future understory vegetation and SOL composition and C
pools, which ultimately could impact permafrost stability (Shur and Jorgenson,
2007).

7

APPROACH/METHODS
Study Area
Research for this study was conducted in far northeastern Siberia near the
Northeast Science Station (NESS) in Cherskiy, Russia located ~ 250 km north of
the Arctic Circle. The climate is continental with warm summers and cold winters
with an average annual temperature of -11.6˚C; annual precipitation is low,
averaging 210 mm y-1 (Alexander et al., 2012). The boreal forest in this region is
dominated by a single species, a deciduous conifer commonly known as
Cajander larch. The understory is characterized by grasses, tall shrubs, (i.e.,
shrubs that normally exceed 1 m in height), including dwarf birch (Betula nana L.)
and willow (Salix spp.), short shrubs (shrubs that do not exceed 1 m in height),
including Labrador tea (Rhododendron groenlandicum Oeder), cranberry and
blueberry (Vaccinium spp.), mosses (Sphagnum spp.), lichens (e.g., Cetraria
cuculata (Bellardi) Karnefelt & A. Thell and Cladonia rangiferina (L.) Nyl.), and
forbs, which included common pink winter green (Pyrola asarifolia Michx.),
Labrador lousewort (Pedicularis labradorica Wirsing), and dwarf scouring-rush
(Equisetum scirpoides Michx.). The fire return interval for this region is 80 to 300
years, but fire frequency and size are increasing (Ponomarev et al., 2016).
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Larch Stand Characteristics
To determine how Cajander larch tree density influences understory
vegetation and the underlying SOL, I sampled 25 stands within a 76-yr old fire
scar that varied in tree density (0.04-3.70 trees m-2). These stands were selected
and sampled between 2010 and 2017 as part of a larger study that aims to
quantify C dynamics in response to fire-driven changes in forest structure
(Alexander et al., 2012, Alexander et al., unpublished data) (Figure 2.1). All
stand variables measured in this study were quantified within three permanent
sampling plots established in each stand. Plots were ~30 m apart and varied in
size (10 and 40-m2) depending on tree density (i.e., smaller area with increasing
tree density). Restricting sampling to a single fire scar removed the potential for
stand age impacts on response variables. Variations in tree density within this
fire scar were presumed to be primarily driven by differences in soil burn severity,
as experimental burns on nearby sites have shown that residual post-fire SOL
depth is the primary environmental factor driving tree recruitment patterns when
seed sources are available (Alexander et al., In Review)
To select the stands, a stratified random sampling approach was used by
overlaying a map of tree density over a topographic map (Berner et al., 2012).
To confirm that the stands originated from the same 76-year old fire, 10 trees
were cored per stand approximately 20 cm above the ground. Age was
determined by ring count using WinDendro (Regent Instruments, Canada). For
all stands, most trees originated 5-10 years after the known date of the wildfire,
confirming trees were from the same cohort.
9

Tree density, basal area, aboveground larch C pools, canopy cover, and
active layer depth were collected as part of the larger study mentioned above but
methods for their collection and general trends are briefly described here, as
these variables are used in the current study as potential explanatory factors
influencing understory vegetation. Tree density of each plot was determined by
tallying all trees within the plot and then dividing by plot sampling area; these
values were then averaged to obtain tree density for the stand. Basal area (BA)
of each stand was determined by measuring diameter at breast height (DBH) or
basal diameter (BD: for trees shorter than DBH) for trees in each plot; these
values were used in Equation 2.1 below to calculate BA for each tree, which
were then summed by plot and divided by the sampling area. We obtained basal
area for each stand by taking the mean from the three plots in a stand.
Aboveground larch C pools were calculated according to Alexander et al., (2012).
Canopy cover was measured using a spherical densiometer at three locations (0,
15, and 30-m) along the center of each plot. Four measurements were taken at
each sampling location facing each cardinal direction; these measurements were
averaged to obtain a mean canopy cover for each location. Location values were
then averaged to obtain a canopy cover for each plot, which were averaged to
produce a canopy cover estimate for the stand. Finally, during mid-September
2017, active layer depth was measured at each stand by pushing a metal probe
marked with cm increments into the soil until resistance from ice was felt. active
layer depth was measured 15 times within each stand and averaged to obtain a
mean active layer depth for each stand.
10

Basal Area=πr2

(2.1)

Where “r” is the radius of tree DBH or BD in cm.
SOL temperature data were collected between July 2016 and August
2017 to assess variations across the tree density gradient. At nine stands, SOL
temperature was measured by burying ibutton temperature data loggers (Maxim
Integrated, San Jose, CA) between the SOL and mineral soil horizon (5-15 cm
range) at the center of each plot (n = 3 loggers/stand). These nine stands were
chosen because they represented the tree density gradient and because I had
insufficient ibuttons to sample every stand. Temperature was measured at fourhour intervals throughout the course of the year and then averaged to produce
mean annual soil temperatures. These data were combined with SOL
temperature data from six other stands that had SOL temperature collected using
a Decagon temperature sensor (Decagon Devices, Pullman, WA) between the
years 2014 and 2015. These temperature sensors were also buried at the SOL
mineral soil interface.
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Figure 2.1

Study area

76-year old fire scar ~2 km east of the Northeast Science Station in Cherskiy,
Russia containing 25 Cajander larch stands established for carbon sampling
during 2010-2017 and ranging in tree density from 0.04-3.7 trees-m2 (Alexander
et al, unpublished data). These stands were used to determine the effects of
post-fire larch tree density on understory vegetation, the soil organic layer, and
associated carbon pools. Left image: false-color Landsat 5 image bands 5,4,3.
Image processing and cartography: Woods Hole Research Center. Right image:
WorldView-1 Panchromatic Image, 21 April 2009. Note: darker areas in the
WorldView image represent stands of higher density.
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Understory Composition, Diversity, and Carbon Pools
Understory composition and percent cover for each stand was determined
using the grid-point intercept method during summer 2016 or 2017. A 0.25-m2
quadrat subdivided into 25 10 x 10 cm cells (i.e., grid) was placed near the 5-m
mark of all three plots within each stand. The grid was sampled by placing a pin
flag through each of 25 intersecting points within the grid and tallying every
contact made by the pin with the surrounding vegetation. Plants that made
contact with the pin were identified down to the species level for all plant
functional types except grasses. Each grid was photo-documented as a
reference prior to harvesting by looking down onto the sample area from ~ 0.5 m
in height.
I used the data collected from the grid-point intercept method to describe
species composition of each stand and to calculate diversity, richness, and
evenness. To assess species diversity, I used the Shannon-Wiener index
(Equation 2.2), Simpson’s 1-D index (Equation 2.3), species evenness (Equation
2.4), and species richness.
Shannon Wiener Index: H’= -Ʃ(pi((ln)pi))

(2.2 )

Where pi is the proportion of an individual species from total species
individuals “i”. Because taking the natural log of pi makes all numbers negative, I
used the inverse of the sum. Values range between 1.5 and 3.5, where the
larger the value, the greater the species richness and evenness.
Simpson’s Index: D= Ʃ(ni(ni-1/N(N-1))
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(2.3)

The Simpson’s index measures dominance (D), so if D increases, diversity
decreases. Because I used the complement 1-D to report positive results rather
than negative ones, diversity increases as the 1-D value increases. Ni
represents the number of individuals for a species, while N represents the total
number of individuals for all species combined. Values range between 0 and 1,
where the larger the value, the greater the diversity.
Species Evenness: H’/ln(S)

(2.4)

Species evenness is defined as how similar the numbers of each
individual species are to each other. The variable H’ is the Shannon Wiener
index value and (S) is species richness. Values range between 0 and 1. The
larger the value, the more evenness between species.
To determine understory aboveground C pools, I harvested all vegetation
within one of the three grids in each stand chosen at random in either summer
2016 or 2017. All understory vegetation was harvested down to the surface of
the SOL. Vegetation was sorted to the species level except for grasses, which
were grouped together. Leaf litter and fine woody debris were also harvested.
Leaf litter was harvested by collecting all leaf litter before clipping live moss
during a harvest, which was later separated into shrub and larch litter. Dead
plant matter was also harvested, such as standing dead shrubs, or grass, but not
dead moss, which was included with the SOL. Any dead harvested vegetation
was grouped with live vegetation because most grids had negligible amounts of
dead vegetation compared to live vegetation. All vegetation and litter were dried
at 60 ˚C and their dry weight converted to C by multiplying the dry weight by
14

50%. Each species was then grouped into plant functional types which were tall
shrubs, short shrubs, mosses, lichens, and forbs/grasses, (hereafter referred to
as ‘herbs’), to obtain g C m-2 for each plant functional group. Larch litter and
shrub litter were grouped separately.
Soil Organic Layer Properties
The thickness of each SOL horizon was measured adjacent to each grid in
summer 2016 or 2017 to determine if SOL horizons differ in depth as understory
composition changed along the tree density gradient. I used a soil saw to cut into
the SOL up to the top of mineral soil and measured each soil horizon between
the top of green moss to the top of the mineral soil. The organic horizons include
in descending order: litter (recently deposited and largely unaltered plant
remains, including moss), brown moss (undecomposed or slightly decomposed
brown moss of any taxa, equivalent to the litter layer), the fibric layer (slightly
decomposed, but still identifiable plant material), the humic layer (further
decomposed and non-identifiable plant material), followed by mineral soil (Boby
et al., 2010). No humic layers were observed in this study.
To estimate SOL C pools, I harvested SOL samples from each plot of 11
stands in summer 2017 that represented the tree density gradient. Each sample
was divided into its respective horizons and weighed to obtain a wet weight.
These samples were then dried to obtain a dry weight after drying in an oven at
60 oC. Next, I subsampled each horizon and recorded its weight before placing it
in a muffle furnace at 500 oC for four hours to obtain loss on ignition (LOI)
(Equation 2.5). I then used these data to obtain bulk density and percent (%) C
15

content for each horizon to estimate C pools (g C m-2) by horizon using the
equation below (Equation 2.6). Finally, I used mean bulk density and %C
content to estimate SOL horizon C pools for all other stands using the horizon
depth data from the rest of the 25 stands (Equation 2.6) (Alexander et al., 2012).
A table with mean bulk density and percent C content values by soil horizon is
presented in the results (Table 3.4).
LOI= ((Oven dry weight-muffle weight)/oven dry weight) *100

(2.5)

Oven dry weight and muffle weights are in (g).
Carbon Pool= (bulk density* horizon depth* % carbon content) *100

(2.6)

Where carbon pools units are in g C m-2 and bulk density units are in g cm3.

Understory Cover as a Predictor of Aboveground Carbon Pools
Allometric equations were developed to relate understory cover by plant
functional type to aboveground plant C pools to simplify future sampling efforts. I
used three methods to calculate understory cover from the contact data obtained
using the grid-point intercept method, hereby called methods A, B and C. These
three cover approaches were used on the dataset for the 2016 field season to
determine which cover approach worked best when we combined both the 2016
and 2017 datasets. The aboveground C pool (y) of all plant functional types was
modelled as a function of cover (x) using linear or non-linear regression analysis
using SigmaPlot version 12.3 and JMP version 12 and 13, depending on the
distribution of the data. These cover approaches using the grid-point intercept
data were chosen to identify which method helped predict aboveground C pools
16

best. I grouped plant cover into the five plant functional types groups described
above. Cover approach A determined cover by summing all of intersecting
points for each plant functional type (max 25), and dividing by the total number of
intersecting points on the grid (25) (Godínez-Alvarez et al., 2009; Rochefort et
al., 2013). Approach B determined cover by dividing the sum of contacts for a
given functional type by the total hits for the grid (Schuur et al., 2009; Salmon et
al., 2016). Note that more than 25 hits for a functional type could be achieved
with approach B because tallies were taken each time any individual plant
touched the pin flag. Finally, approach C determined cover by only taking the
sum of hits for any functional type. Again, maximum values could exceed 25 hits
(Jonasson, 1988). Cover values were then scaled up to m2 coverage and
averaged for each stand. This was repeated through the tree density gradient to
determine how understory vegetation cover and species composition changed.
Based on comparison of AICc (described in “Data Analysis”) values
among models, approach C was determined to produce the best models and was
therefore used to create all allometric equations using both the 2016 and 2017
datasets to relate understory hits to understory C pools. Only figures and tables
for allometric equations that use cover approach C for combined 2016 and 2017
datasets are reported in the results (Table 3.5 and Figures 3.12-3.13). I also
created an allometric equation using approach C to estimate total aboveground
carbon pools based on total cover. Approaches A and B were not used because
they have constant ‘x’ variables for cover.
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NDVI as a Predictor of Aboveground Carbon Pools
I used a Qmini spectrometer (RGB Laser Systems, Ballόzög, Hungary) to
determine the Normalized Difference Vegetation Index (NDVI) for every grid at 1
and 1.5 m above the grid area (Equation 2.7). NDVI is a ‘greenness index’
derived from spectral reflectance data (Beamish et al., 2016). NDVI values were
processed using the “Waves” software that was bundled with the Qmini
spectrometer. NDVI was measured on days with cloudless or near cloudless
conditions to avoid unwanted changes in solar angle or irradiance. I measured
NDVI to determine whether relationships between NDVI and aboveground C
pools can serve as a reliable alternative to destructive harvest sampling methods
for predicting understory vegetation C pools. NDVI was plotted against
estimated total aboveground C pools for all point-intercept grids that had NDVI
measured before harvesting. Estimated aboveground C pools were derived from
the allometric equations developed using cover approach C.
NDVI= {(near infrared – visible light)/ (near infrared + visible light)}

(2.7)

After observing preliminary results, I decided to split the grids into two sets after
noticing that there were two distinct groups of points: those dominated by tall
shrubs, and those dominated by short shrubs, with the only moss dominated grid
grouped with the short shrub grids. I created allometric equations for those two
groups of grids to see if either produced suitable allometric equations.
Data Analysis
To determine that tree density was the best stand characteristic to use as
a predictor of understory vegetation, we plotted mean understory cover and C
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pools as a function of basal area to compare with scatterplots using tree density
as the x-axis.
Variations in understory species diversity, richness, evenness, understory
functional type cover and C pools, and SOL characteristics were initially
assessed by creating scatterplots of these variables as a function of tree density
and basal area (which would account for both changes in tree density and size)
using SigmaPlot version 12.3 (Systat Software, San Jose, CA). Forbs and
grasses were grouped into an ‘herbs’ category for all analyses at the plant
functional type level. These figures indicated that the relationships between tree
density and understory cover and C pools were stronger than those using basal
area (figures not shown). As such, all further analyses were performed using
tree density as the predictor variable instead of basal area. If linear or curvilinear
trends were observed on the scatterplots, regression analyses were used to
model those trends. In cases where both linear and curvilinear models could
describe the trend, the best fit model was chosen based on associated AICc
values, which were obtained using JMP v. 12 or 13 (Statistical Discovery, Carey,
NC). The best-fit model had the lowest AICc value; however, if AICc values were
within five units of one another, the more parsimonious equation was selected.
To determine how tree density and stand environmental conditions (i.e.,
canopy cover, active layer depth, soil temperature, and larch litter) influenced
understory species composition and cover, I used a non-parametric
multidimensional scaling analysis (PC-ORD version 7, MjM Software Design,
OR). Tree densities ranged from 0-0.49, 0.49-1, 1-2, and >2 trees m-2 for low,
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medium, high, and very high tree density, respectively; these categories were
based on a co-occurring study that experimentally varied soil burn severity and
monitored larch seedling recruitment near my study area (Alexander et al., In
Review). Cover data were chosen to represent plant composition; shrub litter
were from harvested C pool data. Plant cover and litter data were collected in
summer 2016 or 2017, while canopy cover was collected between 2010 and
2017 as part of the larger study. When I ran the multidimensional scaling
analysis, the software determined if any of these variables were significantly
different between stand categories. If there were non-significant variables, like
litter and SOL temperature, which are not in the figure, the software did not use
them and ran the analysis with the variables that were significant between
density categories. This analysis generates an output containing axes, which
denote the best solution to the analysis, either two axes for two dimensions or
three axes for a three-dimensional solution. The output also contains lines, which
represent the stand environmental conditions used to predict where the plant
functional types would fall along the tree density gradient. The farther along the
line in which any stand environmental conditions is pointing, the greater its effect.
Outputs also contain a stress value. Values of 0-5 means that there is almost no
chance of error in the analysis. A stress value of 5-10 leaves a small chance of
error, while a stress value of 10-20 is a fair score, with some chance of making a
false prediction from the analysis.
I used a multiple linear regression approach to determine which stand
conditions (e.g., canopy cover, SOL temperature, active layer depth, and larch
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leaf litter), used singly or in combination, best predicted moss cover, tall shrub C
pools, and short shrub C pools. I used moss cover, rather than moss C pools,
because there were no significant changes in moss C pools across the tree
density gradient. First, I plotted each predictor variable against each response
variable to confirm there was a linear relationship; those variables exhibiting a
linear relationship were then added to the model. All data were test for normality
prior to analyses; tall shrub C pools and canopy cover were not normally
distributed. However, I still ran the multiple linear regression analysis without
transforming the data because my datasets were large enough (25 stands) to
conduct the analysis without the need for transformation, as these data may yield
greater confidence when the assumption of normality was ignored, compared to
transformed data (Cohen and Arthur, 1991). For these analyses, I reported
adjusted R2 values given that the sample size for each predictor could influence
standard R2 values if more than one predictor was used for the multiple linear
regressions. Only adjusted R2 values are reported for multiple linear regression
analyses. All other figures have standard R2 values. Finally, if there were more
than one multiple regression analysis that was significant, I chose the best-fit
model based on its AICc. The best line of fit was chosen if it had the lowest AICc
value or if it was the more parsimonious model if AICc values were within five
units of one another.
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RESULTS
Larch Stand Characteristics
Canopy cover, larch C pools, soil temperature, and active layer depth all
varied with tree density. Canopy cover and larch C pools increased linearly with
tree density up to ~ 2 trees m-2, but then stabilized as density continued to
increase. active layer depth and soil temperature exhibited the opposite trend,
decreasing with increasing tree density until ~ 2 trees m-2 and then stabilizing
with further increases in tree density (Figure 3.1) (Alexander et al, unpublished
data).

22

Figure 3.1

Stand environmental conditions across the tree density gradient

Total aboveground larch carbon (C) pools and percent canopy cover across the
Cajander larch tree density gradient (top). Mean annual soil temperature and
active layer depth as a function of tree density (bottom). Data were collected
over multiple expeditions starting in 2010 within larch forests of far northeastern
Siberia. Total larch aboveground C pools, canopy cover, and active layer depth:
n = 25 stands. Soil temperature: n = 15 stands.
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Understory Composition, Diversity, and Richness
Species composition was highly variable across the tree density (Tables
3.2-3.3), with only a few species appearing in most or all stands. These common
species included tufted moss (Aulacomnium palustre Hedw.), horsetail dwarf
scouring-rush (E. scirpoides), freckle pelt lichen (P. aphthosa), dwarf birch (B.
nana), blueberry (Vaccinium uliginosum L.) and bog cranberry (V. vitis-idaea).
Other less common vegetation that appeared in about half of the stands included
lichens belonging to the genus Cladonia, mosses from the genus Dicranum and
Polytrichum, and short shrubs like common Labrador tea (R. groenlandicum) and
crowberry (Empetrum nigrum L). Finally, rare species (those that occurred in
less than three stands) at most included meadow horsetail (E. pratense), curled
snow lichen (F. cucullata), Labrador lousewort (P. labradorica), arctic colts foot
(Petasites frigidus Macoun), clustered valerian (Valeriana capitata Pall.), and an
unidentified moss.
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Table 3.2

Understory species found within Cajander larch forests of far
northeastern Siberia

All understory vegetation species measured in the 25 stands of varying tree
density, which were dominated by the tree species Cajander larch, a deciduous
conifer. These understory species data were collected during summers 2016
and 2017.
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Table 3.3

Top 10 understory plant species encountered across the tree
density gradient

Top 10 most common species found across the tree density gradient divided into
four tree density categories (see Methods). A plant at rank “1” had the highest
cover value for that particular tree density category, with rank “10” being the
lowest. Cover data were collected across 25 stands using the grid-point intercept
method. Data were collected during in Cajander larch forests during summers
2016 and 2017.
There were no obvious changes in species richness, diversity, or
evenness with increasing tree density (Figure 3.2). Species richness was as low
as 7 species and as high as 16 species, but values were variable and apparently
unrelated to tree density. Shannon Wiener index values ranged between 1.17
and 2.22. Simpson’s 1-D index values ranged from 0.63 up to 0.87. Finally,
species evenness values ranged between 0.63 and 0.86.
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Figure 3.2

Understory species diversity, richness, and evenness

Shannon Wiener index, Simpson’s 1-D index, evenness, and species richness as
a function of tree density. Data were collected during summers 2016 and 2017
using the grid-point intercept method within 25 Cajander larch stands in far
northeastern Siberia across a tree density gradient (0.03-3.7 trees m-2). n=25
stands.
The result of the nonparametric multidimensional scaling analysis
revealed that the tall shrubs dwarf birch (B. nana) and willow (Salix spp.) were
more common in low density stands where active layer depth was highest, while
most moss species were more commonly found in high tree density (Figure 3.3).
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Figure 3.3

Distribution of understory plant species across tree density gradient

Species distribution (grey dots) across the tree density gradient. Species codes
are listed in Table 3.2. The larger shapes (diamonds, circles, and triangles)
represent each stand, which was color-coded based on its density category.
Tree densities ranged from 0-0.49, 0.49-1, 1-2, and >2 trees m-2 for low, medium,
high, and very high tree density, respectively. The lines represent the stand
characteristics used to predict where the plant functional types would fall along
the tree density gradient. The farther along the line in which any stand
characteristic is pointing, the greater its effect. Both axis one and two do not
represent anything specific; rather, the two axes denote that the best solution to
this analysis was a two-dimensional analysis. Finally, a stress value of 0-5
means that there is almost no chance of error in the figure. A stress value of 510 leaves a small chance of error, while a stress value of 10-20 is a fair score,
with some chance of making a false prediction from the figure. Cover data are
the data I chose to represent my plant species, while shrub litter were from
harvested C pool data; canopy cover is a percentage used as a proxy to
determine how much light is coming into the understory. Plant cover and litter
data were collected in summers 2016 and 2017 while canopy cover was
collected between 2010 and 2017. Data were collected within Cajander larch
forests of far northeastern Siberia; n = 25.
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Understory Carbon Pools
There was an exponential decrease in C pools for short shrubs, tall
shrubs, and total understory C pools as tree density increased (Figure 3.4). The
exponential lines of fit explained 23 (p = 0.01), 52 (p = 0.0001) and 23% (p =
0.01) of the variance for short shrubs, tall shrubs, and total understory C pools
respectively. Short shrub C pools decreased by more than half from ~ 250 to ~
100 g C m-2 at 0.5 trees m-2, after which C pools stabilized and remained near
100 g C m-2 as tree density increased. Tall shrubs decreased nearly 4-fold from
400 g C m-2 at low tree density to less than 50 g C m-2 at tree densities greater
than 0.6 trees m-2. Total C pools decrease from about 600 g C m -2 at low tree
density and stabilized at about 300 g C m-2 at tree densities > 0.5 trees m-2.
There were no trends for lichen, herb, and moss C pools across the tree density
gradient. Mean C pools for each functional type within each density category are
presented in Table 5.1.
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Figure 3.4

Understory carbon pools for moss, lichen, herb, short shrub, tall
shrub, and total understory vegetation

Understory carbon pools moss, lichen, herb, short shrub, tall shrub, and total
understory vegetation as a function of tree density. Carbon pool data were
collected through destructive sampling within Cajander larch forests in far
northeastern Siberia. Data were collected during summers 2016 and 2017; n =
25 grids.
A multiple linear regression analysis revealed that active layer depth and
canopy cover combined had a good relationship with moss cover (R2 Adj = 0.37,
p = 0.005) (Figure 3.6). For canopy cover, moss cover steadily increased as tree
density increased (R2 = 0.21, p = 0.02), but was variable throughout. Moss cover
decreased as active layer depth increased (R2 = 0.27, p = 0.007), but there was
high variability for moss cover at active layer depths between 40 and 60 cm. I
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did not present understory plant functional type cover as a function of tree
density for herbs, lichens, short shrubs, and tall shrubs because there were no
trends for herbs and lichens, and both shrub types exhibited the same trend
across tree density as their C pool figure counterparts. A figure showing these
trends can be viewed in Appendix A, Figure 5.1.

Figure 3.5

Moss cover as a function of tree density

Moss cover expressed as total hits (#) as a function of tree density. Data were
collected over two field seasons between 2016 and 2017 in Cajander larch
forests of far northeastern Siberia; n = 25 stands.
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Figure 3.6

Relationships between moss cover and canopy cover, active layer
depth, larch litter carbon pools, and soil temperature

Relationships between moss cover and canopy cover, thaw depth, larch litter,
and soil temperature. Data were collected over the course of multiple field
seasons between 2010 and 2017 in Cajander larch forests of far northeastern
Siberia; n = 25 stands for canopy cover, active layer depth, and larch litter carbon
pools, n = 15 stands for soil temperature.
A multiple linear regression analysis revealed that active layer depth and
SOL temperature combined was the best predictors of tall shrub C pools (R2 Adj
= 0.52, p = 0.01) (Figure 3.7). Soil temperature and active layer depth had
individual linear relationships with tall shrub C pools that explained 45 (p = 0.01)
and 39% (p=0.004) of variance respectively. Tall shrub C pools remained at
about 50 g C m-2 between soil temperatures of -4 and -2 oC, but increased
dramatically as soils became warmer, increasing up to about 400 g C m -2 at soil
temperatures of 1 oC. At the warmest observed soil temperature of 3 oC, tall
shrub C pools were at approximately 200 g C m-2. Tall shrub C pools increased
significantly to a maximum of about 400 g C m-2 as thaw depth approached 90
cm, whereas tall shrub C pools remained at 0-50 g C m-2 at active layer depths of
less than 40 cm.
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Figure 3.7

Relationships between tall shrub aboveground carbon pools and
canopy cover, soil temperature, and active layer depth

Relationships between tall shrub aboveground carbon pools and canopy cover,
soil temperature, and thaw depth. Data were collected over the course of
multiple field seasons between 2011 and 2017 within Cajander larch forests of
far northeastern Siberia; n = 25 stands for canopy cover and active layer depth, n
= 15 stands for soil temperature.
A multiple linear regression revealed that canopy cover and thaw depth
combined had the best relationship with short shrub C pools (R2 Adj = 0.30, p =
0.01) (Figure 3.8). Short shrub C pools had a curvilinear decrease as canopy
cover increased (R2 = 0.32, p = 0.33). Conversely, short shrub C pools increased
as active layer depth increased (R2 =0.29, p = 0.005); however, short shrub C
pools were variable for most of the active layer depth range.
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Figure 3.8

Relationships between short shrub aboveground carbon pools and
canopy cover, soil temperature and active layer depth

Relationships between tall shrub aboveground carbon pools and canopy cover,
soil temperature, and thaw depth. Data were collected over the course of
multiple field seasons between 2011 and 2017 within Cajander larch forests of
far northeastern Siberia; n = 25 stands for canopy cover and active layer depth, n
= 15 stands for soil temperature.
There was no obvious correlation between larch litter C pools and tree
density (Figure 3.9). However, there was an exponential decrease in shrub litter
as tree density increased (R2 = 0.28, p < 0.05). Larch litter C pools decreased
from a high of about 230 g C m-2 at 1.7 trees m-2 then remained constant at about
25 g C m-2 thereafter. Shrub litter decreased from a high of nearly 250 g C m-2 at
a density of 0.1 trees m-2, and stabilized to about 25 g C m-2 between 1 and 2
trees m-2. Mean litter C pools within each density category are presented in
Table 5.2 in Appendix A.
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Figure 3.9

Leaf litter across the tree density gradient

Changes in Cajander larch and shrub leaf litter carbon pools as a function of tree
density. Shrub litter is a combination of both short and tall shrub litter. Litter was
collected in Cajander larch forests of far northeastern Siberia during summers
2016 and 2017; tree density and canopy cover data were collected between
2010 and 2017; n = 25 grids.
Soil Organic Layer Properties
There was a slight decrease in total SOL depth with increasing tree
density up to about 2 trees m-2 (Figure 3.10). This was due largely to the
absence of brown moss for a single medium density stand. Brown moss and
fibric layer depth varied by density category. Brown moss depth increased from
1.6 to 4.1 cm (p = 0.005) between low and very high tree density and from 2.2 to
4.1 (p = 0.03) between medium and very high tree density. Finally, fibric horizon
depth decreased from 7.8 cm to 3.9 cm (p = 0.03), and 5.1 cm (p = 0.04)
between medium and high tree density and between medium and very high tree
density, respectively.
The brown moss horizon C pool was the only SOL horizon to show an
obvious relationship with tree density using a line of fit with a quadratic function
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(Figure 3.11). There was a steep increase in brown moss C pools, peaking at
about 1100 g C m-2 at ~ 2 trees m-2, after which C pools decreased to about 600
g C m-2.at ~ 2.5 trees m-2. The variance explained by the quadratic line of fit for
brown moss was 61% (p < 0.0001). Other individual horizon C pools and total
SOL C pools did not differ across the tree density gradient. Finally, mean bulk
densities by SOL horizon were 0.03, 0.03, and 0.12 g cm-3 for the litter, brown
moss, and fibric layer respectively. Carbon content values were 44.88, 46.58,
and 26.98 % for the litter, brown moss, and fibric layer respectively (Table 3.4).

Figure 3.10 Soil organic layer depth across the tree density gradient
Changes in soil organic layer (SOL) depth by soil horizon and by total SOL
thickness. SOL horizons include: leaf litter, brown moss, and a fibric layer. Data
were collected by measuring the thickness of each horizon from three plots within
each stand and taking the mean thickness of each horizon to represent each
stand along with mean total thickness. Data were collected within Cajander larch
forests of far northeastern Siberia during summers 2016 and 2017; n = 25
stands.
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Figure 3.11 Carbon pools by soil horizon across the tree density gradient
Distribution of soil organic layer (SOL) carbon pools by individual horizon. Soil
horizons include in descending order: leaf litter, brown moss, and the fibric layer.
Additionally, carbon pools were represented as a total for the entire SOL for each
stand. Data were collected between summers 2016 and 2017 within Cajander
larch forests of far northeastern Siberia; n = 25 stands.
Table 3.4

Soil organic layer horizon mean values for bulk density and percent
carbon content

Mean bulk density (g cm-3) and carbon content (%) (± SE) for each soil organic
layer (SOL) horizon. SOL horizons include in descending order: leaf litter, brown
moss, and the fibric layer. Mean bulk density and carbon content can be used in
conjunction with horizon depths to estimate carbon pools for individual horizons.
Data were collected during summer 2017 within Cajander larch forests of far
northeastern Siberia; n = 11 stands.
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Estimating Aboveground Carbon Pools Using Understory Cover
Of the three approaches used to estimate understory vegetation cover,
approach C (see Methods) produced the best-fit allometric equations. Approach
C best estimated C pools with linear functions that explained 89, 40, 39, and 82%
of the C pool variance for tall shrubs, short shrubs, mosses, and lichens,
respectively. Approach A explained 77, 35, 33, and 37% of the C pool variance,
while approach B explained 79, 33, 25, and 87% of the C pool variance for tall
shrubs, short shrubs, mosses/liverworts, and lichens, respectively. Note that all
approach A and B functions were linear, except for the exponential function used
for lichens in approach B. Approach A best estimated herb C pools using an
exponential growth function, explaining 93% of the C pool variance, compared to
73 and 79% using approaches B and C. A linear model explained 38% of the C
pool variance for the allometric equation that estimates total understory C pools.
Given that these R2 values only pertain to the 2016 dataset, I present them on
table 5.3 of Appendix A.
With C pool data from both 2016 and 2017 field seasons, I created
updated allometric equations using only cover approach C to estimate
aboveground C pools using linear functions (Figures 3.12 and 3.13). These
functions explained 90, 50, 22, 79, 77, and 12% of the C pool variance for tall
shrubs, short shrubs, mosses/liverworts, lichen, herb, and total C pools
respectively (Table 3.5).
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Table 3.5

Allometric equations for estimating aboveground carbon pools from
cover

Allometric equations developed for aboveground carbon pools for all functional
types and all functional types combined using understory vegetation cover
expressed as total hits. All equations are linear and use the form y = mx + b,
where y is aboveground C pools in g C m-2 and x is understory cover expressed
as total hits (see Methods) collected using the point-intercept grid method.
Understory vegetation was harvested immediately after cover was measured. All
data were collected in Cajander larch forests near the Northeast Science Station
in far Northeastern Siberia during summers 2016 and 2017. For all regressions,
n = 25 grids.

Figure 3.12 Allometric equations with understory vegetation cover expressed as
total hits to predict understory aboveground carbon pools of moss,
lichen, and herb
Allometric equations relating understory cover (expressed at total hits) of moss,
lichen, and herb to aboveground carbon pools. Cover was measured using the
point intercept grid method. Carbon pools were calculated by harvesting the
vegetation within each grid in Cajander larch forests near the Northeast Science
Station in far northeastern Siberia during summers 2016 and 2017; n = 25
stands.
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Figure 3.13 Allometric equations with understory vegetation cover expressed as
total hits to predict understory aboveground carbon pools of total
understory, tall shrubs, and short shrubs
Allometric equations developed for total, tall shrub (shrub that exceed 1 m in
height), and short shrub (shrubs that do not exceed 1 m in height) aboveground
carbon pools using total hits to represent understory vegetation cover. Cover
was measured using the point intercept grid method. Carbon pools were
calculated by harvesting the vegetation within the point intercept-grid in Cajander
larch forests near the Northeast Science Station in far northeastern Siberia
during summer 2016 and 2017; n = 25 grids.
Estimating Aboveground Carbon Pools Using NDVI
NDVI correlated with C pools from all grids sampled, but more so when
only tall shrubs dominated the grids. Low tall shrub C pools were relegated to a
lower cluster of points in the distribution on the scatterplot (Figure 3.14-A). This
cluster of points was unique from the general distribution of the rest of the points
because these grids (in grey) were dominated by either short shrubs or mosses,
which often exceeded 50% of the total C pool for each individual grid, whereas
the rest of the points on the grid belonged to mostly low tree density grids
dominated by tall shrubs, shown in black (Figure 3.14-B). Carbon pools from
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these grids came primarily from tall shrubs, and had a stronger distribution when
used separately (Figure 3.15).
An empirical relationship using a linear model yielded R2 values of 0.24
(Table 3.6) due to the group of points under the line of fit. An empirical
relationship for tall shrub dominated grids after splitting the grids into two
separate groups is shown in Figure 3.15 and Table 3.7. The linear model was
the more parsimonious model of the two, explaining 52% of variance. Allometric
equations for short shrub dominated grids are not shown because there was no
correlation.
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Figure 3.14 Normalized difference vegetation index vs understory carbon pools
Estimated understory carbon (C) pool distribution as a function of normalized
difference vegetation index (NDVI). Estimated C pools were derived from
allometric equations created using total hits to represent understory vegetation
cover. The general distribution of understory carbon pools as a function of NDVI
were separated by tree density to determine if there were patterns to the
distribution (A). Greyscale was applied to the points based on which understory
plant functional type made up the major part of the carbon pool, which could be
over 50% (B). NDVI was measured using a Qmini spectrometer. Data were
collected within Cajander larch forests of far northeastern Siberia during summer
2016; n = 21 grids.
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Figure 3.15 Normalized difference vegetation index vs understory aboveground
carbon pools in grids dominated by tall shrubs
Estimated understory carbon (C) pool distribution as a function of normalized
difference vegetation index (NDVI) for grids dominated by tall shrubs. Estimated
C pools were derived from allometric equations created using total hits to
represent understory vegetation cover. Data were collected within Cajander
larch forests of far northeastern Siberia during summer 2016; n = 21 grids.
Table 3.6

Allometric equation using normalized difference vegetation index to
predict understory carbon pools

Allometric equation that predicts understory aboveground carbon (C) pools as a
function of normalized difference vegetation index (NDVI). The equation is
exponential in the form y = ae(bx), where y is aboveground C pools in g C m-2 and
x is NDVI measured using a Qmini spectrometer. Carbon pools used for this
equation were derived from allometric equations that estimated total understory
C pools using total hits to represent understory vegetation cover. Data were
collected in Cajander larch forests of far northeastern Siberia during the summer
2016; n = 21 grids.
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Table 3.7

Allometric equation using normalized difference vegetation index to
predict understory carbon pools for tall shrub dominated grids

Allometric equation that predicts understory aboveground carbon (C) pools as a
function of normalized difference vegetation index (NDVI) only for grids
dominated by tall shrubs. The equation is linear in the form y = mx + b, where y
is aboveground C pools in g C m-2 and x is NDVI measured using a Qmini
spectrometer. Carbon pools used for this equation were derived from allometric
equations that estimate total understory C pools using cover approach C. Data
were collected in Cajander larch forests of far northeastern Siberia during
summer 2016; n = 11 grids.
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DISCUSSION
Understory vegetation composition shifted across the tree density gradient
likely due to changes in canopy cover, soil temperature, and active layer depth.
In general, tall shrubs decreased with increasing tree density, while moss cover
increased, except in a few stands with very high tree density (> 2 trees m-2),
which exhibited reduced moss cover. Increased shrub cover at low tree density
was likely due to a more open canopy (Martin et al., 2017) and possibly a deeper
active layer depth, as shrubs are not competitive at low light levels (Bret-Harte et
al., 2002; Wookey et al., 2009) and require deeper soil profiles than non-vascular
plants for rooting (Hobbie and Chapin, 1998). Increased moss cover was likely
due to reduced cover of tall shrubs, which cannot compete underneath high
canopy cover due to light limitations (Sigurdsson et al., 2005). Tall shrubs could
reduce moss cover through shading, but also through leaf litter inputs (Natalia et
al., 2008). The decrease in moss cover in very dense stands may have been due
to a slight increase in short shrub cover, which may have occurred in response to
decreased canopy cover associated with lower foliar biomass and leaf area of
the very densely stocked trees. Overall, these compositional shifts are similar to
those reported in response to canopy closure as stands age. For example, in
evergreen conifer forests in the Boreal Plain of Alberta, Canada, graminoid and
shrub C pools were highest during early-successional stages whereas moss C
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pools were highest during late-successional stage, likely due to changes in
canopy cover (MacDonald et al., 2012) and warmer air/soil temperatures
(Moskalenko 2013). Moss abundance increases during later successional
stages (Turetsky et al., 2010), which is related to canopy closure and cooler
conditions (Kallio and Heinonen, 1975; Oechel and Sveinbjornsson, B, 1978;
Harley et al., 1989).
Other factors not measured in this study could have influenced the trends
observed in understory vegetation composition across the tree density gradient
like nutrient availability (Smithwick et al., 2005), moisture levels (Bonan and
Shugart, 1989), and SOL decomposition rates (Reichstein et al., 2005). For
example, nutrient availability could be lower in denser stands because severe
fires, which likely contributed to the formation of these stands, combust more
nutrients in the soil, especially nitrogen (Raison, 1979), which is limiting in these
forests. Volatilization of nitrogen during high severity fires can limit nitrogen
availability in recovering stands for decades (Smithwick et al., 2005). Low
nitrogen availability may provide an opportunity for nitrogen-fixing plants like
mosses to dominate in denser stands (Zackrisson et al., 2004) by giving them an
advantage over plants that cannot fix nitrogen (Smithwick et al., 2005). Soil
organic layer decomposition rates may also vary across the density gradient and
impact nutrient availability (Scheu and Parkinson, 1995). For example, nutrients
in the SOL may be decomposed faster and become available sooner and in
greater quantities due to warmer soils (Karhu et al., 2010A) in less dense stands.
Conversely, cooler soils in denser stands may slow down SOL decomposition
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rates (Karhu et al., 2010A), lowering total nutrient availability. Water may be
more available for understory vegetation in less dense stands due to how well tall
shrubs can accumulate snow (Tape et al., 2006). In denser stands where tall
shrubs are largely absent, snow may not accumulate on the forest floor, and
instead, may largely be intercepted by the tree canopy, where it will likely
sublimate rather than fall to the forest floor (Assembly, 1997), decreasing water
availability from snowmelt for understory vegetation.
Changes in the understory along the density gradient are not only
influenced by changes in environmental conditions, but also may influence
environmental conditions themselves. For example, tall shrubs can impact
albedo, snow depth in the winter, and nutrient exchange (Myers-Smith et al.,
2011) in the tundra biome, which could be compared to low density stands that
also have high tall shrub cover. For example, Loranty et al (2011) found that low
and dwarf shrubs produced higher NDVI values and lower albedo when
compared to sedges in the lower arctic tundra biome, which encompasses the
northernmost parts of Alaska, Canada, and Siberia. Increased snow pack during
the winter has been found to increase nitrogen mineralization rates in tussock
tundra near Toolik Field Station, Alaska (Schimel et al., 2004), which have been
noted to be structurally similar to shrubs (Loranty et al., 2011). High snowpack is
also associated with warmer mean annual soil temperatures because of the
insulating properties of snow (Stieglitz et al., 2003). Thus, increased snowpack
due to high shrub cover could lead to warmer soils with deeper rooting volume.
In very dense stands, mosses may influence nutrient availability, especially
47

nitrogen because many mosses are nitrogen fixers through mutual associations
with cyanobacteria, and together, are the main source of nitrogen in boreal
forests (DeLuca et al., 2008). This could mean that mosses dominate denser
stands due to their ability to fix nitrogen and low competition from other plant
species that cannot fix nitrogen. However, as mosses die and decompose,
nitrogen may be more readily available for plants that do not fix nitrogen like
short shrubs, which respond positively to increased nitrogen availability, and may
give them a competitive edge over mosses (Taulavuori et al., 2013).
Despite the compositional shift from tall shrubs to mosses across the
density gradient, there were no relationships between species diversity, richness,
or evenness and tree density. The absence of a relationship could be due to an
‘exchange’ of species across the density gradient, with some species only being
found in either low, medium, or high density stands. For example, the horsetail,
E. pretense, and moss, Dicranum spp., only appeared in low to medium density
stands, while the lichen, Peltigera aphthosa, and short shrub, R. groenlandicum,
appeared mostly in medium to high density stands. This finding is similar to a
study in Alberta, Canada that found that herbs and forbs were more common in
gaps within broadleaf forests, while cranberry, a short shrub, was more common
under coniferous stands (Chávez and Macdonald, 2010).
Increasing moss cover with increasing density did not lead to an increase
in total SOL depth; however, brown moss horizon depth increased as tree
density increased up to about 2 trees m-2. A study conducted by Boby et al.
(2010) in in interior Alaska also found no significant difference in total SOL
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thickness within 28 mature black spruce stands that covered a range of tree
densities. However, SOL thickness often varies between stands of different
ages. For example, Kasischke and Johnstone (2005) found an increase in SOL
depth with time since fire (age), reaching a maximum of 200 years of age in black
spruce forests in the Tanana River Valley, Alaska. Soil organic layer
decomposition rates could play a part in the similarity between SOL depths. If
temperatures are cooler in dense stands, the SOL may build up due to slow
decomposition rates (Karhu et al., 2010A). For example, when thicker brown
moss and thinner fibric horizons in dense stands are combined with the other
horizons, they equal the depth of total SOL at low tree density, which had thinner
brown moss horizons, but thicker fibric horizons. Therefore, it is possible that
SOL temperatures are influencing decomposition rates (Karhu et al., 2010A;
Karhu et al., 2010B), and impacting SOL horizon thickness.
Soil organic layer C pools also did not change across tree density except
for the brown moss horizon. There was a linear increase in brown moss C pools
up until about 1.7 trees m-2, where it began to decrease again. This can probably
be attributed to the decrease in canopy cover that occurs in very dense stands.
If soils are warmer and not as moist as soils in stands that have less light input,
there could be increased carbon decomposition rates, explaining the decrease in
the brown moss horizon in very dense stands (Wickland and Neff, 2008; Karhu et
al., 2010A).
Brown moss SOL horizons also had a mean bulk density than was four
times lower than that of the fibric horizon. This could lower total SOL bulk
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density if brown moss C pools increase with increasing tree density, up to 2 trees
m-2. This is important to note because lower SOL bulk density may increase the
porosity of the SOL (Hossain et al., 2015) and impact moisture content in the
SOL. Soil moisture could play a major role in the thermal properties of the SOL
(O’Donnell et al., 2009) by increasing the insulation capacity of the SOL, creating
an effective buffer between air and soil temperatures.
Allometric equations relating understory cover to aboveground C pools
were successfully created for all understory functional types. While allometric
equations for tall shrub species (dwarf birch, alder, and willow) exist for this
region (Berner et al., 2015), the equations presented here are the first developed
for other understory functional types. Equations exist for similar vegetation types
in Alaskan tundra (Salmon et al., 2016), but these equations consistently
underestimated C pools (up to 10-fold) for my study area, likely due to different
growing conditions (e.g., temperature, moisture, and permafrost thaw depth;
(Schuur et al., 2008) and vegetation productivity between Alaskan tundra and
Siberian boreal forests. Thus, allometric equations developed in a specific region
may not always adequately predict C pools for other regions, even if vegetation
types are very similar.
I also developed equations relating NDVI to understory vegetation C pools
because NDVI is simple to measure and can be used as a measure of
productivity (Boelman et al., 2003). For example, NDVI values indicated that
forests of interior Alaska have become less productive and are ‘browning’ as air
temperature has increased over the past two decades (Baird et al., 2012). In
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Eurasian boreal forests, NDVI increased from 1982-1997, but decreased from
1997-2006, likely due to decreased summer rainfall (Piao et al., 2011). These
examples show that NDVI serves as more than just a predictor of C pools, and
can reveal vegetation productivity/vigor trajectories as the arctic warms.
Carbon pools of tall shrub dominated grids correlated well with NDVI
values and total C pools, probably due to their growth form. As tall shrubs
increase in height and branch out, the more leaf area they produce, which could
increase NDVI values. A study conducted in North American and Eurasian
tundra found that tundra biomass, which was mostly dwarf birch, correlated well
(R2 = 0.94) with NDVI (Raynolds et al., 2012). I also found the strongest
correlation between NDVI and C pools within grids dominated by tall/dwarf
shrubs. Other studies also found a strong correlation between tundra biomass
and NDVI (Raynolds et al., 2006, 2012). Relationships between NDVI and
biomass increase when more vegetation cover types are included in the analyses
(Raynolds et al., 2006). This could explain the weaker relationships observed
when all grids were included in the analyses, as these grids were dominated by
only two vegetation cover types: tall shrub or short shrub/moss. Even when other
vegetation cover types were present, they never comprised a significant
proportion of C pools within a grid, so likely had minimal impact on NDVI.
Carbon pools from short shrubs and mosses did not correlate well with
NDVI, likely due to the growth form of these plant functional types. Mosses grow
in a process of layering, where new green moss grows over dead brown moss,
and forms a carpet layer on the ground (Blok et al., 2011). This green moss
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layer can vary in thickness, but if the entire area is covered in moss regardless of
green moss thickness, the same NDVI values could be observed because the
surface area covered is the same. Using my study area as an example, short
shrubs like cranberry also grow very low to the ground, and individuals tend to be
close to one another, but do not grow in a layered manner, and accumulate less
woody biomass than their tall shrub counterparts. It is possible that these short
growth forms that give off similar NDVI values to that of tall shrubs, but yield
lower C pools, are responsible for the weak relationship between this vegetation
cover type and NDVI. Using only green biomass may produce better correlations
with NDVI, but for undetermined reasons, this method has produced weaker
regression models when compared to regression models that use total biomass
(Riedel et al., 2005; Shippert et al., 1995). This still seems to be the case as total
biomass are still used instead of only green biomass to create strong regression
equations (Raynolds et al., 2006, 2012).
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CONCLUSIONS
Future Cajander larch forests may resemble the high density stands from
this study once they mature. Understory vegetation composition shifted from tall
shrubs at low tree density, to mosses at high tree density, possibly due to canopy
closure and decreased competition from tall shrubs, while species diversity
remained unchanged. Cajander larch leaf litter input also increased with
increased density up to a certain density (roughly at 2 trees m-2). This shift in
vegetation composition brought about a three-fold decrease in overall understory
C pools. However, this was insufficient to offset the increase in C pools from the
Cajander larch trees themselves which can be upwards of six times larger than
understory C pools presented in this study. The SOL remained unchanged in
terms of total thickness, but brown moss contribution to the SOL increased with
increased moss cover and was associated with lower bulk density, which could
influence SOL insulation properties. Finally, cooler soil temperatures in high
density forests were associated with shallower active layer depths, suggesting
that high density forests may maintain permafrost integrity. This study and
others can be used to better predict how Siberian larch forests will respond to
climate warming and increased fire severity.
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SUPPLEMENTARY FIGURES
Table 5.1

Mean aboveground carbon pools by understory plant functional type

Mean understory aboveground carbon (C) pools by plant functional type and by
total understory mean aboveground C pools. Plant functional types included
herbs, lichens, mosses, short shrubs, and tall shrubs. Letters in parentheses
denote significant differences between density categories, and plus and minus
values (±) denote standard error. Data were collected during summers 2016 and
2017 within Cajander larch boreal forests of far northeastern Siberia; n = 25
stands. Different letters denote significant (p < 0.05) differences among density
categories determined using a Wilcoxon test (JMP v 13).
Table 5.2

Cajander larch and shrub leaf litter carbon pools by tree density
category

Mean aboveground Cajander larch and shrub litter carbon (C) pools by tree
density category. Letters in parentheses denote significant differences between
density categories, and plus and minus values (±) denote standard error. Data
were collected during summer 2016 and 2017 within Cajander larch boreal
forests of far northeastern Siberia; n = 25 stands. Different letters denote
significant (p < 0.05) differences among density categories determined using a
Wilcoxon test (JMP v 13).
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Figure 5.1

Understory plant functional type cover as a function of tree density

Understory cover by plant functional type as a function of tree density.
Understory plant functional types include herbs, short shrubs, tall shrubs, and
lichens. Data were collected within Cajander larch boreal forests of far
northeastern Siberia during summers 2016 and 2017; n = 25 stands.
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Table 5.3

Allometric equations estimating understory aboveground carbon
pools by plant functional type using three different methods to
estimate cover

All allometric equations used to estimate understory aboveground carbon using
three different cover methods. Cover was obtained using the grid-point intercept
method, a 0.25-m2 grid with 25 intersecting points. A pin flag was placed at each
intersecting point and species touching the flag were identified and tallied.
Method A determined cover by taking the sum of intersecting points for each
plant functional type present and dividing by the total number of intersecting
points (25). Method B determined cover by taking the total number of times a
plant functional type touched the pin across the entire grid; which could exceed
25, and dividing this total by the overall total of contacts made by all plant
functional types combined. This number was then multiplied by 100 to get
percent cover. Finally, for method C, cover was estimated by simply summing
the contacts made in a particular grid, which could exceed 25. Understory
carbon pools were measured by harvesting the vegetation inside the intercept
grid. Data were collected during the summer field season of 2016 in Cajander
larch forests of far northeastern Siberia; n = 18 stands.
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